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Growth of secondary hair follicles of the Cashmere goat
in vitro and their response to prolactin and melatonin
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ABSTRACT

The isolation and viability in vitro of anagen secondary hair follicles of the Cashmere goat were studied.
Isolated hair follicles were used to determine the effects on hair shaft elongation, of prolactin and melatonin,
hormones considered to influence hair follicle growth and activity in vivo. Intact hair follicles were isolated
from the dermal layer of the skin singly or in groups using watchmakers' forceps under a dissecting
microscope. The isolated follicles were maintained floating in Williams E medium. The medium was
supplemented with 1 of 6 concentrations of ovine prolactin (0, 50, 200, 400, 800 and 4000 jg/l) for the
culture of hair follicles isolated during July and August, and with 1 of 5 concentrations of melatonin (0, 50,
150, 300, 600 ng/l) for the culture of hair follicles isolated during September and October. There was clear
evidence of DNA synthesis, observed by autoradiography, in matrix cells of freshly isolated follicles
incubated for 6 h in the presence of [methyl-3H]-thymidine. Similar measurements after 96 h of maintenance
indicated a marked reduction in the incorporation of [methyl-3H]-thymidine in matrix cells of the follicles
studied. Prolactin and melatonin were shown to have a stimulating effect on hair shaft elongation of
secondary follicles during 24 h periods of measurement and cumulatively over 120 h. Maximum hair follicle
growth was observed in follicles exposed to 400 gg/l of prolactin and follicles exposed to 300 ng/l of
melatonin. The number of follicles remaining viable during each 24 h measuring period was not affected by
prolactin, but was significantly reduced by melatonin treatment after 96 h of maintenance. Hair follicle
growth was significantly greater in July/August than September/October. The results for the in vitro
method used suggest that prolactin and melatonin may act directly on the Cashmere secondary hair follicle
to stimulate elongation of the hair shaft and that melatonin may reduce the viability of follicles after 96 h
incubation. The results are discussed in the context of the possible involvement of prolactin and melatonin
in the seasonal control of the hair growth cycle in vivo.
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INTRODUCTION

The presence of a hair coat acts to protect mammals
against environmental events including seasonal
changes in climate. Many mammalian species of the
temperate zone express photoperiodic-dictated alter-
ations in coat growth which modify its insulating
capability in order to prepare the animal for changes
in ambient temperature. Hair growth in mammals is
cyclical. At the end of the active (anagen) phase, the
follicle passes through a phase of regression (catagen)
into a resting (telogen) phase (Chase, 1954). Duration

of anagen is constant while duration of telogen can be
affected by photoperiod manipulation and hormones
(Rougeot et al. 1984).

In common with other mammals such as sheep, and
mink, many breeds of goat have a double coat
consisting of the overhairs or guard hair produced by
primary hair follicles and the underhairs or down
(named cashmere commercially) produced by the
secondary hair follicles (Burns et al. 1962). Cashmere
fibre produced by such 'Cashmere' goats is usually no
more than 6 cm in length, up to 0.0 18 mm in diameter,
and is generally obscured by the outer coarse hair
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(Ryder, 1987). In contrast, the hair coat of the Angora
goat consists essentially of a single fleece of mohair
grown by secondary hair follicles with limited pro-
duction of guard hairs from primary follicles (Dreyer
& Marincowitz, 1967).

Photoperiodism is the main proximate factor in the
control of seasonal coat change in Cashmere goats.
Mitotic activity in the bulb of secondary hair follicles
of the Cashmere goat is reported to be high from the
summer solstice towards the winter solstice when it
declines (Henderson & Sabine, 1990). In the spring,
moulting occurs and both the primary and secondary
follicles shed their fibres and a sparse coat of mainly
guard hair is maintained until follicle activity starts
again (Ryder, 1966; Nixon et al. 1991). Also,
photoperiodism has been implicated in the control of
seasonal coat changes in sheep (Lincoln et al. 1980),
mink (Bissonnette & Wilson, 1939), red deer (Webster
& Barrell, 1985), the horse (Burkhardt, 1947), and
cattle (Yeates, 1955).
The pineal gland and pituitary glands have been

shown to play an integral role in the mediation of the
effects of photoperiodism on fibre growth and moult-
ing periods in mammals. Allain et al. (1986) observed
that the relationships between moulting periods and
photoperiodic variation are suppressed by pineal-
ectomy in sheep. A similar observation was made by
Lincoln et al. (1980) following cervical sympath-
ectomy in the Soay ram.

In the Cashmere goat, as in other mammals, the
administration of melatonin (secreted by the pineal
gland) has been shown to suppress the secretion of
prolactin by the pituitary gland (Maeda et al. 1988).
Exogenous melatonin administered by implantation
in Cashmere goats has been shown to alter the normal
pattern of fibre growth by inducing the growth of
secondary hair follicles in the spring. As a conse-
quence, the growth of the autumn coat was delayed as
was the time when maximum length of fibre was
achieved and when shedding occurred (Betteridge et
al. 1987; Welch et al. 1990). Also, Gebbie et al. (1992)
working in Cambridge, UK, have reported that oral
administration of melatonin (3 mg per day for 8 wk
from 8 March) suppressed the rise in prolactin and
delayed the onset of the spring moult. However, when
they administered the dopamine agonist, 2-bromo-a-
ergocriptine (5 mg i*m. daily for 8 wk), prolactin
secretion was suppressed without a corresponding
delay in moulting. Other workers in the UK have
reported a delaying effect of 2-bromo-a-ergocriptine
on moulting (Lynch & Russel, 1992).
The mechanisms by which melatonin and prolactin

affect hair growth cycle are largely unknown. The lack

of knowledge is partly due to the absence of reliable in
vitro models for the culture of hair follicles which
would allow the direct investigation of hair follicle
behaviour. Recently, we have adapted a tissue culture
technique, developed originally for the culture of
human hair follicles (Philpott et al. 1990), to the
isolation and maintenance of secondary hair follicles
of the Angora goat (Ibraheem et al. 1993). The
objectives of the current study were to extend the
above technique to the isolation and maintenance of
intact anagen secondary hair follicles of the Cashmere
goat and to investigate the effects of prolactin and
melatonin on the pattern of growth of these follicles.

MATERIALS AND METHODS

Animals

Skin samples from 10 castrate male Cashmere
(Siberian Don Altai) goats, aged 1 y, and kept locally
(latitude 570 N) were used in this study.

Material

Williams E medium (without glutamine), phosphate
buffered saline (PBS) and all tissue culture glassware
were purchased from Gibco BRL Co. (Paisley, UK).
Insulin, melatonin, hydrocortisone, L-glutamine,
penicillin, streptomycin and thymidine were pur-
chased from Sigma Chemical Co. (Dorset, UK). The
[methyl-3H] thymidine was obtained from Amersham
Life Sciences (Buckinghamshire, UK) and K5 dipping
emulsion from Ilford Co. (Mobberley, UK). Falcon
24-well multiwell plates were purchased from Becton
Dickinson Co. (Oxford, UK).

Isolation and culture of hair follicles

Initial studies on the development of the method and
response to prolactin were conducted in June to
August 1992 when the anagen phase of follicle growth,
occurring around and following the summer solstice,
was expected to predominate. Subsequent studies
(September and October 1992) investigated the effects
of melatonin when anagen follicles were still present.
One skin sample from each goat was taken im-
mediately postmortem and the dermal layer was
removed and examined with a dissecting microscope
as described previously (Ibraheem et al. 1993). Using
watchmakers' forceps to grip the external surface of
the outer root sheath, intact secondary hair follicles
were isolated by gently pulling them from the dermal



Cashmere hair follicle growth in vitro

1a 1b
Fig. 1. Light micrographs showing the sequential elongation of the hair shaft (arrow) of a single hair follicle over 96 h in vitro. After 24 h
of maintenance (a), after 96 h maintenance (b). x 40.

layer. Isolated hair follicles were maintained in 1.0 ml
of Williams E medium supplemented with 1 mm L-
glutamine, insulin (10 mg/l), hydrocortisone (10 ,ug/
1), penicillin (64 mg/l) and streptomycin (100 mg/l).
Isolated hair follicles were left free-floating in in-
dividual wells of multiwell plates at 37 °C in an
unhumidified atmosphere of 5% CO2/95 % air.
Follicles were maintained throughout the period of
incubation in the medium in which they were placed at
0 h. Measurements of the changes in length of the
follicles due to hair shaft elongation were made using
a Microtech 200 inverted binocular microscope sup-
plied with an eyepiece-measuring graticule. The
minimum detectable change in length that could be
measured was 0.02 mm. Follicles were considered to
be nonviable if they did not elongate by at least
0.02 mm within each 24 h time period.

Autoradiography

The autoradiographic procedure was based on the
method of Caro & van Tubergen (1962) and was

previously described (Ibraheem et al. 1993).

Prolactin

The medium was supplemented at 0 h with one of 6
concentrations of ovine prolactin (NIDDK-oPRL- 19,
NIH, Baltimore, MD, USA) (0, 50, 200, 400, 800 and
4000 gg/l).

Melatonin

The medium was supplemented at 0 h with one of 5
concentrations of melatonin (0, 50, 150, 300 and
600 ng/l).

Statistical analysis

The statistical methods employed to analyse the
results of all experiments were carried out using the
BMDP statistical computer package (Dixon, 1983).
Results are presented as treatment means with pooled
standard error of the difference (S.E.D.). One-way
analysis of variance was used followed by Student's t
test to determine significant differences between group
means.

RESULTS

Follicle preparation

With this dissecting technique it was possible to
isolate 70-80 secondary follicles within 2 h from small
3 x 10 mm strips of the skin. A general view of a single
follicle isolated from the dermis ofthe skin of a 1-y-old
Cashmere goat, after 24 h in culture is shown in
Figure 1 a. The bulb of the follicle appears to be intact
and to have suffered no mechanical damage. Micro-
scopic examination of this isolated follicle showed
that it had increased in length due to hair shaft
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Prolactin and hair follicle growth

Increases in hair shaft length (means and pooled
S.E.D.) of the follicles which expressed elongation of
the hair shaft at each 24 h measuring period, and
cumulatively over 120 h are shown in Table 1. The
results indicate that the follicles which were exposed
to the concentrations of 200 and 400 pg/l of prolactin
showed significantly higher rates of hair shaft elong-
ation cumulatively over 120 h maintenance than
follicles not exposed or exposed to 50 or 4000 jg/l of
prolactin. Over the same period, follicles exposed to
800 jg/l prolactin showed significant increases in hair
shaft elongation compared to follicles not exposed to
prolactin. Hair follicles cultured in the medium
supplemented with 4000 pg/l prolactin showed signifi-
cantly greater growth at 24 and 48 h of culture than
follicles not exposed to prolactin. The exposure of
follicles to 50 gg/l did not cause any significant
increase in hair shaft elongation. There was a general
trend for hair follicles exposed to concentrations of
200 gg/l of prolactin and above to show superior rates
of growth throughout the first 72 h of culture
compared to follicles not exposed to prolactin. There
were no differences in viability (V, defined as the
number of growing follicles at each measuring period)
of the follicles across treatments.

Melatonin and hair follicle growth

Fig. 2. A light micrograph showing the elongation of the hair shaft
(arrow) of 2 follicles after 120 h maintenance in Williams E medium
supplemented with 200 j.g/l prolactin x 40.

elongation. A representative photograph of the same

growing follicle at 96 h is given (Fig. b) showing
further increase in hair shaft elongation. Figure 2
shows the large elongation of the hair shaft of 2
follicles after 120 h of maintenance in Williams E
medium supplemented with 200 jg/l prolactin.

Autoradiography

Synthesis of DNA was evident in freshly isolated
follicles studied 6 h after incubation in the presence of
[methyl-3H] thymidine. There was an apparent marked
reduction in DNA synthesis in the epidermal matrix
cells of follicles exposed to [methyl-3H] thymidine
after 96 h of maintenance, with additional labelling
evident in the adjacent outer root sheath (Fig. 3).

Increases in hair shaft length (means and pooled
S.E.D.) of the follicles which expressed growth at each
24 h measuring period, and cumulatively over 120 h
are shown in Table 2. The results indicate that the
growing follicles which were exposed to the concentra-
tions of 150, 300, 600 ng/l of melatonin showed
significantly higher rates of hair shaft elongation
cumulatively over 120 h of maintenance than follicles
not exposed to melatonin. No significant differences
were observed between treatments after 24 h of
culture. The pattern ofgrowth of hair follicles exposed
to 50 ng/l of melatonin did not differ significantly
from the other treatments through culture. Follicles
exposed to 300 ng/l of melatonin showed significantly
higher growth rate at 48, 72 and 120 h after culture
than follicles not exposed to melatonin. Follicles
exposed to 150 and 600 ng/l of melatonin showed
higher growth rates throughout culture than follicles
not exposed to melatonin but these rates were
significant only at 48 and 72 h respectively.
The number of growing follicles (V) at each

measuring period declined more rapidly in the
melatonin exposed follicles than the control. There
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Fig. 3. Autoradiograph of [methyl-3H] thymidine uptake by matrix cells adjacent to the dermal papilla (arrow) in a longitudinal section of
a freshly isolated follicle (a), and the uptake by matrix cells in a similar section of a follicle maintained for 96 h in culture (b). Haematoxylin
x 400.

Table 1. Elongation (mm) and number ofgrowing hairfollicles (V) in 24 h growing periods and cumulatively over 120 hfollowing
exposure to prolactin in vitro (n = 5 Cashmere goats, 60 follicles examined/treatment)

Prolactin (plg/l)

Hours 0 50 200 400 800 4000 S.E.D.

24 0.14a 0.15c 0.20b 0.17abc 0.18abc O. l9bc 0.013
V 55 57 53 52 55 52 1.76

48 0.14a 0.16c 0.20b 0.18bc 0.1gbc 0. 19bc 0.011
V 47 50 49 46 45 51 1.80

72 0.12a 0.13ab 0.16ab 0.17b 0.13ab 0.12a 0.013
V 43 40 45 41 44 40 1.98

96 0.13a 0.14a 0.14a 0.16a 0.13a 0.12a 0.013
V 36 37 32 34 35 33 2.08

120 0.14ab 0.14ab 0.14ab 0.17b O.lSb 0.lOa 0.012
V 22 18 23 19 17 21 1.92

Cumulative 0.67a 0.72ac 0.84b 0.86b 0.78bc 0.72ac 0.024
totals

Values are means with pooled S.E.D. Values in the same row with different superscripts are significantly different (P < 0.05).

were significant differences in viability between fol-
licles exposed to 150 ng/l of melatonin at 96 and 120 h
after culture, 600 ng/l of melatonin at 96 h after
culture, 300 ng/l of melatonin at 120 h after culture
and follicles not exposed to melatonin (see Table 2).

Effect of daylength

Mean hair shaft elongation (120 h cumulative total) in
follicles of the control group isolated in July and
August was significantly greater (P < 0.001) than in

control follicles isolated in the months of September
and October (0.67 vs 0.43 mm, S.E.D. = 0.0172-see
Tables 1 and 2).

DISCUSSION

The work described here is the first illustration of the
successful isolation, maintenance, and growth in vitro
of secondary hair follicles of the Cashmere goat.
Previously, we were able to isolate anagen hair follicles
from the skin of the Angora goat and report on their
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Table 2. Elongation (mm) and number ofgrowing hairfollicles (V) in 24 h growing periods and cumulatively over 120 hfollowing
exposure to melatonin in vitro (n = 5 Cashmere goats, 60 follicles examined/treatment)

Melatonin (ng/l)

Hours 0 50 150 300 600 S.E.D.

24 o.10a 0.lOa 0.12a o.lla o.lla 0.006
V 54 56 50 56 53 1.82

48 0.09a 0.loab 0.I lab 0.12b 0.12b 0.007
V 48 46 44 41 40 2.26

72 0.08a 0.09ab 0.I lb 0.I lb 0. oab 0.007
V 39 38 37 35 34 2.05

96 0.08a 0.08a 0.09a 0.lOa 0.09a 0.007
V 33a 28ab 26b 29ab 24b 1.66

120 0.07a 0.08ab 0.09ab O.10b 0.08ab 0.007
v 21 16ab 15b l4b 17ab 1.46

Cumulative 0.43ab 0.45bc 0.51c 0.53c 0.51c 0.017
totals

Values are means with pooled S.E.D. Values in the same row with different superscripts are significantly different (P < 0.05).

significant growth in vitro (Ibraheem et al. 1993) using
a microdissection model developed originally for the
isolation and maintenance of human hair follicles
(Philpott et al. 1990). In our studies on both Angora
and Cashmere goats, we have found that hair follicles
are not positioned in the fat as is the case with human
hair follicle but in the dermal layer where they are
arranged in groups, normally consisting of three
primary follicles and a varying number of secondary
follicles (Margolena, 1974; Henderson & Sabine,
1991). While the hair coat of the Angora goat consists
essentially of a single fleece of mohair grown by
secondary hair follicles with limited production of
hairs from primary hair follicles, the Cashmere goat
has a double coat consisting of overhairs and
underhairs produced by primary and secondary hair
follicles respectively (Burns et al. 1962; Dreyer &
Marincowitz, 1967). The 2 types of follicles were
easily distinguished prior to dissection on the basis of
external morphology.

In the present study, we were able to isolate a larger
number of follicles (70-80 compared with 24 in our
study on Angora) within 2 h from 3 x 10 mm strips of
the skin and this has been achieved through the
refinement of the technique and accumulation of
expertise. The follicles were isolated intact and
undamaged visually from the dermis singly or in
groups of 2, 3 and 4.
The average value (e.g. 0.14 (range 0.07-0.18) mm/

day, at 24 h) for the rate of elongation of Cashmere
follicles was less than that recorded for mohair (0.2;
range 0.07-0.4) mm/d; Ibraheem et al. 1993). These
differences reflect the differences expected in vivo for
the rate of hair shaft elongation between the 2 breeds

of goats (e.g. 0.450-0.684 mm/d for cashmere (Rhind
& McMillen, 1993)) and up to 0.8 mm/d for mohair
(Margolena, 1974). Data in vivo are not available for
the goats used in the present study but, based on the
above information, the cashmere growth rates in vitro
are probably less than those occurring in vivo. The
changes reported in follicle length are similar to those
reported by Philpott et al. (1992) in vitro for pelage
hair follicles in the rat. An analysis of the coefficients
of variation for values for hair shaft elongation for
each of the control and hormonal treatment groups
indicated a maximum variation of 18 % which
confirms the representative nature of the mean values
obtained for the follicles within each group.

It was apparent that the numbers of 'viable' follicles
which continued to grow in each 24 h measuring
period declined, particularly after 72 h incubation. A
similar, but much greater reduction in viability which
occurred after 48 h, was observed in the in vitro
system for rat hair follicles of Philpott et al. (1992).
These workers suggested that contributing factors
may be the trauma of isolation, or the lack of an
essential supplement which results in the failure of
follicles to elongate.
There was clear evidence of DNA synthesis in the

matrix cells of the bulb as shown by autoradiography
of [methyl-3H] thymidine uptake following 6 h in-
cubation of freshly isolated follicles. This result for the
pattern of DNA synthesis is similar to that reported
under similar conditions for the Angora secondary
hair follicle (Ibraheem et al. 1993) and the human hair
follicle (Philpott et al. 1990). The results obtained for
autoradiography of a selected follicle following 96 h
of maintenance indicated a marked reduction in the
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presence of [methyl-3H]-thymidine incorporation into
matrix cells. There was also evidence of incorporation
of [methyl-3H]-thymidine into the layer of cells
comprising the outer root sheath. The result for
matrix cells is consistent with a reduction of cellular
activity in a large number of follicles at 96 h resulting
in the observed decreases in viability recorded between
96 and 120 h incubation in vitro.

This study provides clear evidence of a stimulating
effect of both prolactin and melatonin on the growth
of secondary hair follicles of the Cashmere goat which
follows a seasonal pattern controlled by changes in
daylength (Ryder, 1966). These changes involve
mediation through the actions of prolactin and
melatonin (Gebbie et al. 1992). Previous studies have
shown that keeping Cashmere goats in continuous
light (which would allow elevated concentrations of
blood prolactin) increased the mean fibre length from
14.6 to 23.2 mm (Ryder, 1987). Also, Deaville &
Galbraith (1992) reported an association between
increased dietary protein, elevated prolactin con-
centration in blood and greater fibre growth in the
Angora goat.
The shedding process in the Cashmere goat occurs

after the follicles enter the resting phase of the growth
cycle (Ryder & Stephenson, 1968). The administration
of melatonin (orally, implantation) has been shown to
delay this process of shedding and to stimulate hair
follicle growth (Litherland et al. 1990; Gebbie et al.
1992). The above results suggest that under certain
conditions both prolactin and melatonin may stimu-
late hair follicle growth in vivo. The results from the
present study suggest that hair follicle stimulation in
vitro may be achieved by direct action of those
hormones on the follicle. Previous workers have
suggested that one of the effects of melatonin in vivo
is to suppress prolactin plasma concentrations and
perhaps to influence hair growth by an indirect rather
than direct action (Prandi et al. 1987; Maeda et al.
1988).

In the current study, maximum hair follicle growth
has been observed in follicles exposed to 400 jg/l of
prolactin and follicles exposed to 300 ng/l of mela-
tonin. These concentrations are at the upper end of
the reported physiological range circulating in the
plasma of sheep and goats (Waldhauser & Wurtman,
1983; Prandi et al. 1988). Differences between the
values for elongation of control follicles and these
exposed to prolactin or melatonin tended to be less at
120 h than earlier in the incubation. The reasons for
this are not clear and will require further investigation.
Possible explanations include changes in the sensitivity
of the follicles to the hormonal agents or the

possibility of reductions in the concentrations of
melatonin and prolactin in the incubation medium.
The data from the present report also suggest that

hair follicle growth was significantly greater (P <
0.001) in the months of July/August (0.67 mm per
120 h) than September/October (0.43 mm per 120 h).
This result is in agreement with previous studies which
have shown that mitotic activity in the hair follicle
bulb of the Cashmere goat follows a seasonal trend
with maximum activity occurring around the summer
solstice, continuing throughout July and August, and
declining thereafter (Henderson & Sabine, 1990).
Also, in our study prolactin treatment did not have
any effect on the number of growing follicles (V) at
each measuring period throughout culture while
melatonin supplementation of the medium caused a
decline in the number of growing follicles which was
evident after 96 h in culture. A similar pattern of
reducing growth activity towards the winter solstice is
associated with an increasing exposure to melatonin
in vivo. It is therefore possible that such long term
exposure to melatonin may contribute to the inactiv-
ation of hair follicles in vivo (Litherland et al. 1990;
O'Neill et al. 1992) such as that which occurred during
the shorter exposure in the present study.

In conclusion, we were able to extend the ap-
plication of our microdissection technique from
Angora to cashmere-bearing goats, and were suc-
cessful in the isolation and maintenance of anagen
secondary hair follicles. Also, we demonstrated an
apparent direct effect of both prolactin and melatonin
on hair follicle growth which may confirm an
involvement of both hormones in hair follicle growth
patterns in vivo. Additional work will be required to
elucidate further the actions of these and other
hormones on hair follicle activity during the hair
growth cycle.
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